Spinal and bulbar muscular atrophy (SBMA) is an inherited motor neuron disease caused by the expansion of the polyglutamine (polyQ) tract within the androgen receptor (AR). The nuclear inclusions consisting of the mutant AR protein are characteristic and combine with many components of ubiquitin-proteasome and molecular chaperone pathways, raising the possibility that misfolding and altered degradation of mutant AR may be involved in the pathogenesis. We have reported that the overexpression of heat shock protein (HSP) chaperones reduces mutant AR aggregation and cell death in a neuronal cell model (Kobayashi et al., 2000). To determine whether increasing the expression level of chaperone improves the phenotype in a mouse model, we cross-bred SBMA transgenic mice with mice overexpressing the inducible form of human HSP70. We demonstrated that high expression of HSP70 markedly ameliorated the motor function of the SBMA model mice. In double-transgenic mice, the nuclear-localized mutant AR protein, particularly that of the large complex form, was significantly reduced. Monomeric mutant AR was also reduced in amount by HSP70 overexpression, suggesting the enhanced degradation of mutant AR. These findings suggest that HSP70 overexpression ameliorates SBMA phenotypes in mice by reducing nuclear-localized mutant AR, probably caused by enhanced mutant AR degradation. Our study may provide the basis for the development of an HSP70-related therapy for SBMA and other polyQ diseases.
Introduction
Polyglutamine (polyQ) diseases are inherited neurodegenerative disorders caused by the expansion of a trinucleotide CAG repeat in the causative genes . To date, nine polyQ diseases have been identified (Ross, 2002) . Spinal and bulbar muscular atrophy (SBMA) is a polyQ disease, characterized by proximal muscle atrophy, weakness, contraction fasciculations, and bulbar involvement (Kennedy et al., 1968; Sobue et al., 1989; Takahashi, 2001) . In SBMA, a polymorphic CAG repeat with 14 -32 CAGs expands to 40 -62 CAGs in the first exon of the androgen receptor (AR) gene (Tanaka et al., 1996) and has somatic mosaicism (Tanaka et al., 1999) . There is an inverse correlation between the CAG repeat size and the age at onset or the disease severity in SBMA (Doyu et al., 1992; Igarashi et al., 1992; La Spada et al., 1992) . In SBMA, nuclear inclusions (NIs) containing mutant AR have been observed in the brainstem motor nuclei, spinal motor neurons, and some visceral organs (Li et al., 1998a,b) . Such neuronal inclusions are common pathological features in polyQ diseases and are also colocalized with many components of ubiquitin-proteasome and molecular chaperones Huynh et al., 2000; Adachi et al., 2001; Zander et al., 2001; Schmidt et al., 2002) , raising the possibility that misfolding and altered degradation of the mutant protein may be involved in the pathogenesis of SBMA as well as other polyQ diseases (Stenoien et al., 1999; Waelter et al., 2001) . Furthermore, these chaperones and proteasomes would facilitate refolding or proteolysis of the mutant protein and may play a role in protecting neuronal cells against the toxic properties of the expanded polyQ (Cummings et al., 1998; Kobayashi et al., 2000) . We have shown recently that overexpression of heat shock proteins (HSPs) decreases the aggregate formation of truncated AR with the expanded polyQ and markedly prevents cell death in the neuronal cell model of SBMA (Kobayashi et al., 2000; Kobayashi and Sobue, 2001) . HSP70 overexpression has been reported to enhance the solubility and degradation of mutant AR (Bailey et al., 2002) . HSPs have also been shown to suppress aggregate formation and cellular toxicity in a wide range of polyQ disease models (Cummings et al., 1998; Warrick et al., 1999; Carmichael et al., 2000) . Recently, overexpression of the inducible form of rat HSP70 ameliorated neurologic deficits and the neuronal degeneration of spinocerebellar ataxia type 1 (SCA1) transgenic mice, whereas the NIs consisting of mutant ataxin-1 were not reduced (Cummings et al., 2001) .
In the present study, we report that overexpression of the inducible form of human HSP70 markedly ameliorated clinical and pathological phenotypes, and that this amelioration was correlated with the reduction of nuclear-localized mutant AR protein complexes in the mouse model of SBMA (Katsuno et al., 2002) . Furthermore, the amount of monomeric mutant AR was also significantly reduced in the double-transgenic mice, suggesting that the degradation of mutant AR may have been accelerated by the overexpression of HSP70.
Materials and Methods
Assessment of motor ability. All animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Nagoya University Animal Experiment Committee. Motor ability was assessed using an Economex Rotarod (Columbus Instruments, Columbus, OH) on a weekly basis as described previously (Adachi et al., 2001) . The period for which a mouse could remain on a rotating axle (diameter, 3.6 cm; speed of rotation, 16 rpm) without falling was measured. Three trials were performed, and the longest duration on the rod was recorded for every mouse. The timer was stopped if the mouse fell from the rod or after an arbitrary limit of 180 sec. Cage activity was measured weekly while each mouse was in a transparent acrylic cage (16 ϫ 30 ϫ 14 cm, width ϫ depth ϫ height) within a soundproofed box as described previously (Katsuno et al., 2002) . Spontaneous motor activity was measured by means of an animal behavior system (Neuroscience Inc., Tokyo, Japan), which monitored and counted all spontaneous movements, both vertical and horizontal, including locomotion, rearing, head movements, etc. All counts were automatically totaled and recorded in 24 hr.
Immunohistochemistry. We perfused 20 ml of a 4% paraformaldehyde fixative in 0.1 M phosphate buffer, pH 7.4, through the left cardiac ventricle of mice deeply anesthetized with ketamine-xylazine, postfixed tissues in 10% phosphate-buffered formalin, and processed tissues for paraffin embedding. Then we deparaffinized 4-m-thick tissue sections, dehydrated with alcohol, and treated for antigen retrieval (Katsuno et al., 2002) . For the HSP70 immunohistochemical study, the paraffin sections were pretreated with trypsin (Dako, Glostrup, Denmark) for 20 min at 37°C. The tissue sections were blocked with normal animal serum (1:20) and incubated with mouse anti-expanded polyQ (1:10,000) (1C2; Chemicon, Temecula, CA) and goat polyclonal antibody to HSP70 (1: 500) (K-20; Santa Cruz Biotechnology, Santa Cruz, CA). Then the sections were incubated with biotinylated anti-species-specific IgG (Vector Laboratories, Burlingame, CA). Immune complexes were visualized using streptavidin-horseradish peroxidase (Dako) and 3,3Ј-diaminobenzidine (Dojindo, Kumamoto, Japan) substrate. Sections were counterstained with methyl green.
For double-labeling immunohistochemistry, sections were preincubated with normal horse serum diluted in 0.02 M PBS buffer, pH 7.4, containing bovine serum albumin. The sections were then incubated with goat anti-HSP70 antibody (1:500) (K-20; Santa Cruz) at 4°C overnight, washed with 0.02 M PBS buffer, incubated with biotinylated horse anti-goat IgG, stained with streptavidin-alkaline phosphatase, and visualized with fast red. 1C2 antibody (1:10,000; Chemicon) was subsequently applied to sections at 4°C overnight. After being washed, the sections were incubated with horseradish peroxidase-labeled donkey anti-mouse Ig F(abЈ) 2 (Amersham Biosciences, Buckinghamshire, UK), which had been demonstrated to cross-react with neither goat nor horse sera, and visualized with 3,3Ј-diaminobenzidine. For doubleimmunofluorescence staining of the spinal cord, sections were blocked with 5% normal horse serum and then sequentially incubated with K-20 antibody (1:500; Santa Cruz Biotechnology) and 1C2 antibody (1:10,000; Chemicon) at 4°C overnight. After incubation with biotinylated horse anti-goat IgG (Vector Laboratories) for 8 hr at 4°C, the sections were incubated with Alexa-488-conjugated streptavidin (1:400; Molecular Probes, Leiden, The Netherlands) and Alexa-568-conjugated goat anti-mouse IgG (1:1300; Molecular Probes), which had been demonstrated to cross-react with neither goat nor horse sera, for 8 hr at 4°C. The sections were then examined and photographed under a confocal laser scanning microscope (MRC 1024; Bio-Rad, Hercules, CA).
As for the immunohistochemistry of SBMA patients, nine patients with clinicopathologically and genetically confirmed SBMA (age, 51-84 years; mean, 64.3) and three non-neurological controls (age, 51-76 years; mean, 64.0) served as the subjects of the present study. Paraffinembedded sections of the spinal cord and brain were obtained and examined in the same way as for the transgenic mice.
Quantification of 1C2-positive cells in the spinal cord and muscle. For the assessment of 1C2-positive cells, 4-m-thick coronal sections of the thoracic spinal cord and gastrocnemius muscle stained by 1C2 antibody (1:10,000; Chemicon) were prepared, and the number of 1C2-positive cells for one mouse was counted using a light microscope with a computer-assisted image analyzer (Luzex FS; Nikon, Tokyo, Japan). For the assessment of 1C2-positive cells in the ventral horn of the spinal cord, 50 consecutive transverse sections of the thoracic spinal cord were prepared, and the 1C2-positive cells present within the ventral horn on every fifth section were counted as described previously (Terao et al., 1996; Adachi et al., 2001 ). Populations of 1C2-positive cells were expressed as the number per square millimeter. For the assessment of 1C2-positive cells in the muscle, 1C2-positive cells were calculated from counts of Ͼ500 fibers in randomly selected areas and were expressed as the number per 100 muscle fibers.
Western blots. We exsanguinated mice under ketamine-xylazine anesthesia and snap-froze their tissues with powdered CO 2 in acetone. Frozen tissue (0.1 gm wet weight) was homogenized in 1000 1 of lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, and 0.1% SDS with 1 mM PMSF and aprotinin at 6 g/ml). Homogenates were spun at 2500 ϫ g for 15 min at 4°C. The protein concentration of the supernatant was determined using detergent-compatible protein assay (Bio-Rad). Each lane on a 5-20% SDS-PAGE gel was loaded with protein (200 g for the spinal cord and 80 g for the muscle from the supernatant fraction), which was transferred to Hybond-P membranes (Amersham Biosciences) using 25 mM Tris, 192 mM glycine, 0.1% SDS, and 10% methanol as transfer buffer. Kaleidoscope prestained standards were used as size markers (Bio-Rad). Proteins were then transferred to Hybond-P membranes, which were subsequently blocked in 5% milk in TBS containing 0.05% Tween 20 and incubated with appropriate primary antibodies using standard techniques. Primary antibodies were used at the following concentrations: rabbit anti-AR antibody (1:1000 N-20; Santa Cruz Biotechnology); mouse anti-HSP70/heat shock cognate 70 (HSC70) antibody (1:5000, W-27; Santa Cruz Biotechnology). We performed second antibody probing and detection using the ECLϩplus kit (Amersham Biosciences). The HRP-conjugated secondary antibodies used were anti-rabbit Ig F(abЈ) 2 and anti-mouse Ig F(abЈ) 2 (1:5000; Amersham Biosciences). Nuclear and cytoplasmic fractions were extracted with a NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit according to the protocol of the manufacturer (Pierce, Rockford, IL). Each lane on a 5-20% SDS-PAGE gel was loaded with 200 g of protein for the spinal cord and 80 g for the muscle from each fraction. Immunoprecipitation was performed using 1 mg of the total protein lysate, 10 l of protein G-Sepharose (Amersham Biosciences), and 5 l of anti-AR antibody (N-20; Santa Cruz Biotechnology). Protein was eluted from beads by boiling for 3 min in 10 l of elution buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 60 l/ml 2-mercaptoethanol, and 10% glycerol). The elutes were loaded on SDS-polyacrylamide gels. Blots were sequentially probed with goat anti-HSP70 antibody (K-20; Santa Cruz Biotechnology).
The signal intensity was analyzed using the NIH Image program (version 1.62). Relative signal intensity was computed as the signal intensity of each sample divided by that of the AR-97Q/HSP70
(Ϫ/Ϫ) mice. Filter-trap assay. Filtration of proteins through a 0.2 m cellulose acetate membrane (Sartorius AG, Goettingen, Germany) was performed using a slot-blot apparatus (Bio-Rad). The membranes were washed three times with TBS buffer and supported by three pieces of filter paper (Bio-Rad). We also put 0.45 m nitrocellulose membrane (Bio-Rad) under the cellulose acetate membrane to capture the monomeric AR protein passing through this membrane. Samples of protein (200 g) for the spinal cord and for the muscle (80 g) were prepared in a final volume of 200 l in lysis buffer, loaded, and gently vacuumed. Membranes were washed three times with TBS containing 0.05% Tween 20. Slot-blots were probed as described for Western blots.
Statistical analysis. We analyzed data using the unpaired t test and log-rank test from Statview software version 5 (Hulinks, Tokyo, Japan).
Results
Nondeleterious effects of HSP70 overexpression and generation of double-transgenic mice Because HSP70s have a wide variety of functions, we examined whether the overexpression of HSP70 under the control of the human ␤-actin promoter has deleterious effects on phenotypes in mice (Plumier et al., 1995) . Motor function in the mice with HSP70 overexpression was not affected; a Rotarod task until 40 weeks revealed no impairment in either hemizygous or homozygous transgenic mice overexpressing HSP70 (data not shown). Histological examination at 40 weeks of age did not show any detectable effect on the neuronal cell morphology and population and on the muscular structure in the overexpression of human HSP70 alone (data not shown). These studies indicated that the overexpression of human HSP70 alone does not impair neuronal development and motor function.
To determine whether the overexpression of human HSP70 could ameliorate the disease phenotype of the SBMA transgenic mouse model, we crossed the mice expressing full-length human AR with 97-polyQ tract (AR-97Q mice, 4 -6 line) (Katsuno et al., 2002) with mice that overexpress human HSP70 under the control of the human ␤-actin promoter (Plumier et al., 1995) . The SBMA model (AR-97Q mice) shows small body size, short lifespan, progressive muscle atrophy and weakness, and reduced cage activity (Katsuno et al., 2002) . Because the phenotypes of these SBMA transgenic mice are markedly pronounced in male transgenic mice similarly to SBMA patients (Katsuno et al., 2002) , we used male transgenic mice in this study. We generated the AR-97Q/HSP70
(tg/tg) mice as homozygotes and the AR-97Q/HSP70
(tg/Ϫ) mice as hemizygotes, as well as the AR-97Q/HSP70 (Ϫ/Ϫ) mice as a control transgenic mouse line. The SBMA transgene expression was at the hemizygous level in all AR-97Q/HSP70 double-transgenics.
Human HSP70 overexpression ameliorates motor phenotypes of SBMA transgenic mice
To determine whether HSP70 overexpression has an ameliorative effect on the motor phenotypes, we performed the Rotarod task and the measurement of locomotor cage activity by infrared sensor system with the double-transgenic mice ( Fig. 1 A,B) . The AR-97Q/HSP70
(Ϫ/Ϫ) mice showed motor impairment on the Rotarod task as early as 9 weeks after birth; by 12 weeks and 25 weeks of age they began to show significant impairment compared with AR-97Q/HSP70
(tg/Ϫ) mice ( p Ͻ 0.05) and AR-97QHSP70 (tg/tg) mice ( p Ͻ 0.001), respectively. (Fig. 1 A) . Although both the AR-97Q/HSP70
(tg/tg) and AR-97Q/HSP70
(tg/Ϫ) mice performed better than the AR-97Q/HSP70 (Ϫ/Ϫ) mice, the AR-97Q/HSP70
(tg/tg) mice were on the rod longer than the AR-97Q/HSP70
(tg/Ϫ) mice during the trial. The locomotor cage activity of the AR-97Q/HSP70
(Ϫ/Ϫ) mice was also significantly decreased at 21 weeks in comparison with the other two doubletransgenics ( p Ͻ 0.05) (Fig. 1 B) . No lines were distinguishable in terms of body weight at birth. The AR-97Q/HSP70
(Ϫ/Ϫ) mice lost weight significantly earlier than the AR-97Q/HSP70 (tg/tg) mice ( p Ͻ 0.01) (Fig. 1C) . The survival rate was significantly more prolonged in the AR-97Q/HSP70
(tg/Ϫ) and AR-97Q/HSP70 (tg/tg) mice than in the AR-97Q/HSP70 (Ϫ/Ϫ) mice ( p Ͻ 0.01 and p Ͻ 0.005, respectively) (Fig. 1 D) . The affected AR-97Q/HSP70 (Ϫ/Ϫ) mice exhibited motor weakness, with dragging of the legs or short steps, whereas the AR-97Q/HSP70
(tg/tg) mice showed almost normal ambulation and the AR-97Q/HSP70
(tg/Ϫ) mice only somewhat short steps (Fig. 1 E) . The AR-97Q/HSP70
(tg/Ϫ) and AR-97Q/HSP70
(tg/tg) mice showed significantly longer steps than the AR-97Q/HSP70
(Ϫ/Ϫ) mice (Fig. 1 F) . Although both the AR-97Q/HSP70
(tg/tg) and AR-97Q/HSP70 (tg/Ϫ) mice showed ameliorated phenotypic expressions, the AR-97Q/ HSP70
(tg/tg) mice were better than the AR-97Q/HSP70 (tg/Ϫ) mice in most of the parameters, suggesting that the improved motor phenotype depended on the HSP70 expression level rather than on the genetic background.
Expression levels of HSP70 in double-transgenic mice
We examined whether the AR-97Q/HSP70 double-transgenic mice express increased levels of the HSP70 protein in the spinal cord and skeletal muscle. Immunohistochemical studies of double-transgenic mice stained with the specific antibody for HSP70 confirmed that spinal neurons and muscular cells expressed the HSP70 (Fig. 2 A-C) . The HSP70 was diffusely distributed to the nuclei and occasionally formed various-sized NIs (Fig.  2 A-C) . Glial cells also showed diffuse nuclear staining and NIs of HSP70 protein (data not shown). Western blot analysis revealed that the HSP70 expression level was fivefold greater in the AR-97Q/HSP70
(tg/Ϫ) mice and 10-fold greater in the AR-97Q/ HSP70
(tg/tg) mice than endogenous HSP70 in the AR-97Q/ HSP70
(Ϫ/Ϫ) mice in the spinal cord and muscle (Fig. 2 D) . The AR-97Q transgene expression did not alter HSP70 expression levels in the spinal cord of the wild-type and HSP70
(tg/tg) mice, whereas the AR-97Q transgene expression increased HSP70 levels in the muscle, suggesting that the stress-induced response is different between the spinal cord and the skeletal muscle (Fig.  2 D) . Absence of the stress-induced response was also demonstrated in the nervous system of the other polyQ disease model mice (Jana et al., 2000; Cummings et al., 2001 ). The nuclear fraction of the spinal cord and muscle surely contained an increased amount of HSP70 in the double-transgenic mice. The amount of HSP70 in the nuclear fraction was most abundant in the AR-97Q/ HSP70
(tg/tg) mice (Fig. 2 E) . The increased HSP70 was coimmunoprecipitated with mutant AR, suggesting that HSP70 directly binds to the mutant AR protein (Fig. 2 F) .
Colocalization of HSP70 with mutant AR in the nuclei
We evaluated the colocalization of HSP70 and mutant AR in the AR-97Q/HSP70 double-transgenic mice. We performed doublelabeling immunohistochemistry and immunofluorescence doublestaining with two primary antibodies: goat anti-HSP70 and mouse anti-expanded polyQ (1C2). These double-immunostaining studies revealed that HSP70 (Fig. 3A,C ) and mutant AR (Fig. 3B,D) present diffusely in the nuclei and colocalize each other (Fig. 3B,E) in the spinal anterior horn neurons of the AR-97Q/HSP70
(tg/tg) mice. We also determined that such diffuse staining of HSP70 in the nuclei was also present in the spinal neurons of SBMA patients (Fig. 3F,J ) . Immunofluorescence double-staining with anti-HSP70 and anti-expanded polyQ antibodies revealed that the endogenous HSP70 (Fig. 3G,K ) and mutant AR (Fig. 3H,L) were colocalized on the NI (Fig. 3I ) and diffusely in the nuclei (Fig.  3M ) in the spinal cord neurons of SBMA patients, suggesting that the endogenous HSP70 preferentially coexists with mutant AR and exerts its function in the nuclei of SBMA patients as well.
Overexpression of HSP70 decreases the nuclear-localized mutant AR
An immunohistochemical study for mutant AR using 1C2 antibody showed a marked reduction in diffuse nuclear staining and NIs in the AR-97Q/HSP70
(tg/Ϫ) or the AR-97Q/HSP70 (tg/tg) mice compared with the AR-97Q/HSP70 (Ϫ/Ϫ) mice in the spinal motor neurons (Fig. 4 A-C) and muscles (Fig. 4 D-F ) . The AR-97Q/ HSP70
(Ϫ/Ϫ) mice showed intense and frequent 1C2 staining in the nuclei (Fig. 4 A,D) , whereas the 1C2 staining was infrequent (tg/Ϫ) mice in the spinal anterior horn and skeletal muscle stained with the antibody specific for the HSP70. The immunoreactivity of HSP70 was localized to the nuclei with intense and diffuse staining, and small NIs were present in the anterior horn cell ( A). A large nuclear inclusion was also present in the anterior horn cell ( B). Skeletal muscle showed diffuse nuclear staining and NIs ( C). D, E, Western blot analysis of total spinal cord and muscle protein lysate immunolabeled with an antibody against HSP70.
AR-97Q/HSP70
(tg/Ϫ) and AR-97Q/HSP70 (tg/tg) mice express higher levels of HSP70 than wildtype (Wt) and AR-97Q/HSP70 (Ϫ/Ϫ) mice ( D). The HSP70 expression level is fivefold higher in AR-97Q/HSP70
(tg/Ϫ) mice and 10-fold higher in the AR-97Q/HSP70 (tg/tg) mice than endogenous HSP70 in AR-97Q/HSP70 (Ϫ/Ϫ) mice in the spinal cord and muscle, respectively ( D). The AR-97Q transgene expression did not alter HSP70 levels in the spinal cord, whereas the AR-97Q transgene expression gained the respective HSP70 levels in the muscle (D, E) . Therefore, the AR-97Q transgene expression in the double-transgenics alters HSP70 levels in the muscle but not in the spinal cord. E, Western blots of nuclear and cytoplasmic extracts immunolabeled with an antibody against HSP70. HSP70 localized in the nucleus ( N) as well as in the cytoplasm (CY ) in the spinal cord and muscle of all lines examined. AR-97Q/HSP70
(tg/tg) mice expressed the largest amount of HSP70 in both extracts. F, Immunoprecipitation (IP) Western blots for HSP70. Soluble fractions were collected from the spinal cord and muscle, and equal protein concentrations were immunoprecipitated with an antibody to the N-terminal portion of AR and immunoblotted for HSP70. Coimmunoprecipitation of the HSP70 chaperone and the polyQ-expanded mutant AR was detected.
in the AR-97Q/HSP70
(tg/Ϫ) mice (Fig. 4 B,E) and much less frequent in the AR-97Q/HSP70
(tg/tg) mice (Fig. 4C,F ) . Quantitative assessment of diffuse nuclear staining for 1C2 in the spinal motor neurons (Fig. 4G ) and muscles (Fig. 4 H) revealed significantly more positive cells in the AR-97Q/HSP70 (Ϫ/Ϫ) mice than in the AR-97Q/HSP70
(tg/Ϫ) and AR-97Q/HSP70 (tg/tg) mice. However, the 1C2-positive cell populations were not statistically different in the AR-97Q/HSP70
(tg/Ϫ) and the AR-97Q/HSP70 (tg/tg) mice. The neuronal cell population in the spinal ventral horn in the AR-97Q/HSP70 (Ϫ/Ϫ) , AR-97Q/HSP70 (tg/Ϫ) , and AR-97Q/HSP70
(tg/tg) mice was not significantly decreased compared with that in the wild-type mice (data not shown).
Overexpression of HSP70 decreases the high-molecularweight mutant AR protein and monomeric mutant AR protein
Western blot analysis showed that the high-molecular-weight form of mutant AR protein complexes was retained in the stacking gel as well as a band of monomeric mutant AR monomer in the spinal cord and muscle of the transgenic mice (Fig. 5) . The mutant AR within the stacking gel was diminished in the AR-97Q/HSP70
(tg/Ϫ) and AR-97Q/HSP70 (tg/tg) mice compared with the AR-97Q/HSP70 (Ϫ/Ϫ) mice (Fig. 5A,B) . In addition, the AR-97Q/HSP70 (Ϫ/Ϫ) mice had more monomeric mutant AR protein than the AR-97Q/HSP70
(tg/Ϫ) or AR-97Q/HSP70 (tg/tg) mice (Fig.  5A,B) . The mutant AR protein within the stacking gel was found primarily in the nuclear fraction (Fig. 5C) . The mutant AR within the stacking gel and monomeric form of the nuclear fraction in the spinal cord and muscle were also decreased in the AR-97Q/ HSP70
(tg/Ϫ) and AR-97Q/HSP70 (tg/tg) mice (Fig. 5C ). These observations suggested that the overexpression of HSP70 markedly decreases not only the high-molecular-weight mutant AR protein present primarily in the nuclear fraction but also the monomeric mutant AR protein.
We next performed a filter-trap assay for the quantitative analysis of the large molecular aggregated and soluble monomeric form of the mutant AR protein (Wanker et al., 1999) . Only the larger-sized mutant AR protein was retained on the cellulose acetate membrane (pore diameter, 0.2 m), whereas the nitrocellulose membrane captured proteins of all sizes (Fig. 6 A) . We also put the nitrocellulose membrane under the cellulose acetate membrane to capture the soluble monomeric AR protein passing through this membrane (Fig. 6 B) . Values were normalized to endogenous ␣-tubulin using the nitrocellulose membrane. Using this approach, we analyzed the ability of the HSP70 to decrease the large aggregated or soluble monomeric mutant AR protein.
Overexpression of HSP70 resulted in a significant decrease in large aggregated as well as soluble monomeric mutant AR protein in a dose-dependent manner (Fig. 6 A-C) . The endogenous AR protein was not retained on the cellulose acetate membrane in wild-type mice (data not shown). These results indicate that the HSP70 decreases not only the mutant AR protein complexes in the large aggregated form but also the soluble monomeric mutant AR as observed on Western blot analysis. These observations also suggested that overexpression of HSP70 enhanced the function of the ubiquitin-proteasome pathway and subsequently accelerated the degradation of monomeric mutant AR protein.
Discussion
We generated a transgenic mouse model carrying a full-length AR containing 97 CAGs (Katsuno et al., 2002) . This model showed progressive muscular atrophy and weakness as well as diffuse nuclear staining and NIs consisting of the mutant AR. These phenotypes were very pronounced in male transgenic mice, similar to those in SBMA (Katsuno et al., 2002 ). Here we demonstrate that the overexpression of human HSP70 exerts dose-dependent therapeutic effects on motor dysfunction in this mouse model. Mutant AR and HSP70 colocalized diffusely to the nuclei and to the NIs in the neurons and muscles of the AR-97Q/ HSP70 double-transgenic mice. The overexpression of HSP70 served to decrease the nuclear-localized mutant AR protein complexes in large aggregated form in the double-transgenic mice. Monomeric mutant AR was also significantly reduced by HSP70 overexpression, suggesting that it could accelerate the turnover of mutant AR.
In our SBMA transgenic mouse model, nuclear translocation of mutant AR, which is dependent on the testosterone level, has been demonstrated to be essential for mutant AR-induced neurotoxicity (Katsuno et al., 2002 ). Reduction of the testosterone level by castration diminished nuclear-localized mutant AR and markedly prevented phenotypic expression in the male trans- (tg/tg) mice ( A-E) and SBMA patients ( F-M). Double-labeling immunohistochemistry revealed diffuse nuclear staining for goat anti-HSP70 ( A) and expanded polyQ ( B), suggesting that HSP70 and mutant AR are colocalized in the spinal motor neurons of AR-97Q/ HSP70
(tg/tg) mice. Immunofluorescence double-staining with antibodies against HSP70 and the expanded polyQ also revealed that HSP70 and mutant AR are colocalized as shown in HSP70 (C, green), expanded-polyQ (D, red), and an overlay of the two signals (E, yellow). Diffuse staining of neuronal nuclei for HSP70 is also observed in the spinal neurons (F, J ) of SBMA patients. Immunofluorescence double-staining with anti-HSP70 ( green) and anti-expanded polyQ (red) antibodies revealed that the HSP70 ( G) and mutant AR ( H ) are colocalized on the NI (shown in yellow inI ) in the spinal anterior horn cell. The diffuse nuclear colocalization of HSP70 ( K) and mutant AR ( H ) was also observed in the SBMA posterior horn cell ( M ). This cell also has an NI (L, M ). genic mice, whereas testosterone administration enhanced the nuclear localization of mutant AR and caused significant motor dysfunction in the female transgenic mice (Katsuno et al., 2002) . In particular, the large aggregated complexes of the mutant AR protein detected in the stacking gel or slowly migrating species in the Western blot analysis in the nuclear fraction were well correlated with the phenotypic expression in this mouse model (Katsuno et al., 2002) . This suggested that oligomeric or polymeric mutant AR large complex molecules positively associated with other molecules would exert the toxicity rather than monomeric mutant AR (Katsuno et al., 2002) .
In the present study, we demonstrated that the amount of nuclear-localized mutant AR protein, particularly that of the large complex form present in the stacking gel or trapped by the cellulose acetate membrane, was significantly reduced in the AR-97/HSP70 double-transgenic mice. Thus, the overexpression of HSP70 is suggested to exert its amelioration of the phenotypic expression by diminishing the amount of nuclear-localized mutant AR protein. However, in the previously reported SCA1 transgenic mouse model, NIs of the mutant protein were not apparently decreased in the double-transgenic mice with rat HSP70 overexpression, although the neurological deficit and neuronal degeneration were ameliorated (Cummings et al., 2001) . Because the gain of amelioration for phenotypic expression in the model mice of Cummings et al. (2001) was mild even in the double-transgenics with HSP70 homozygotes, the change in the frequency of the NIs would not have been significant enough to detect. In our mouse model, NIs were present only in the small subpopulation of neurons and muscles, particularly in the early phase of phenotypic expression, whereas the 1C2-positive nuclei were abundant (Katsuno et al., 2002) . In addition, 1C2-positive neurons are more extensive than those of NIbearing neurons in the tissues of the autopsied samples from patients with polyQ diseases, and the distribution of 1C2-positive neurons is well correlated with the neurological symptoms ). These observations suggest that 1C2 staining is a more sensitive histological marker for the detection of the nuclear localization of the mutant protein with an expanded polyQ stretch compared with NIs detected by antibodies for the responsible protein.
The interesting observation in our study was the diminution of monomeric mutant AR in the double-transgenic mice with overexpression of HSP70. Recently, HSP70 overexpression in the cell culture model has revealed enhanced solubility of mutant AR with an expanded polyQ and degradation through the ubiquitinproteasome system (Bailey et al., 2002) . Overexpression of chaperones generally enhances the function of the ubiquitin-proteasome pathway and subsequently accelerates protein degradation (Bukau and Horwich, 1998) . The ubiquitin-proteasome pathway, particularly its activity, is known to be related to chaperone expression levels (Bukau and Horwich, 1998) . The molecular mechanism for this relationship remains unsolved, but recently CHIP (C terminal of HSC70-interacting protein), U-box-type E3 ubiquitin ligase, has been shown to interact with HSP90 or HSP70 (Connel et al., 2001 ) and ubiquitylate unfolded proteins trapped by molecular chaperones and degrades them, thus acting as a "quality control E3" (Murata et al., 2001) . Furthermore, there is a cofactor of HSC70/HSP70, Bcl-2 associated athanogene 1, which possesses a ubiquitin-like domain and promotes binding of HSC70/HSP70 to the proteolytic complex (Lüders et al., 2000) . Although such coupling factors between the HSP70 chaperone system and the protein degradation machinery for mutant AR are unknown at present, if the similar E3 for mutant AR is present, it could ubiquitylate and degrade mutant AR as a result of interacting with HSP70. In this scenario, the overexpression of HSP70 may accelerate E3-dependent capture of mutant AR and its degradation through the proteasome pathway. A remarkable reduction of the monomeric mutant AR in the double-transgenics with HSP70 overexpression can be the reflection of the accelerated degradation of mutant AR through the HSP70-mediated E3-proteasome system. Interaction between mutant AR and HSP70 detected by coimmunoprecipitation and Western blot analysis in the double-transgenic mice would support this view. The overexpression of HSP70 could enhance the degradation of the mo- nomeric mutant AR, presumably through the HSP70-interacting quality control E3 activation, and subsequently it could reduce the amount of nuclear-localized mutant AR, resulting in the amelioration of phenotypic expression induced by mutant AR. To substantiate this, however, one needs to identify the HSP70-interacting E3 ligase, which recognizes mutant AR as a substrate. Another possibility is that overexpressed HSP70 directly renaturates the misfolded mutant AR and normalizes the interaction of mutant AR with proteins that are essential to maintain the cell function (Hendricks and Hartl, 1993) . The overexpression of HSP70 and HSP40 or HSC70 and Drosophila human DNAJ homolog-1 (dHdj-1) changed the distribution and morphologic pattern of NI formation of mutant huntingtin and ataxin-1 (Cummings et al., 1998; Fernandez-Funez et al., 2000; Muchowski et al., 2000) . The overexpression of dHdj-1 and HSP70 increased the proportion of the monomeric mutant protein with an expanded polyQ, suggesting that chaperones modulate the biochemical properties of mutant polyQ-bearing protein (Chan et al., 2000) . It has been proposed that the disease proteins with an expanded polyQ participate in inappropriate protein-protein interactions that lead to cell dysfunction and eventual cell death (Sherman and Goldberg, 2001 ). Molecular chaperones can be involved in the conformational modification by stabilizing the unfolded mutant proteins and can facilitate or inhibit the interaction with self or other proteins (Opal and Zoghbi, 2002) . To date, a number of proteins that interact with polyQ-bearing disease protein have been cloned, including huntingtin-associated protein (Li et al., 1995) , huntingtin-interacting protein (Kalchman et al., 1997) , glyceraldehyde-3-phosphate dehydrogenase (Burke et al., 1996) , leucine-rich acidic nuclear protein (Matilla et al., 1997) , polyglutamine tract-binding protein-1 (Waragai et al., 1999) , 130 kDa human TATA-binding protein-associated factor subunit of the human transcription factor TFIID (Shimohata et al., 2000) , and cAMP response element-binding protein (CREB) binding protein (CBP) (Nucifora et al., 2001; Zander et al., 2001) . CBP has been demonstrated to interact with mutant AR, colocalize in the NIs, and reduce the mutant AR-induced cell toxicity by CBP overexpression in the cell culture model by modifying CBP-dependent transcriptional activity (McCampbell et al., 2000) . HSP70 may reduce the toxicity of mutant AR proteins through the inhibition or acceleration of the interaction with these proteins. However, interacting protein involvement in association with mutant AR still needs to be investigated. The other possible avenue by which HSP70 acts to improve polyQ-induced toxicity is the anti-apoptotic activities of HSP70. HSP70 suppresses apoptosis by inhibiting the c-Jun N-terminal kinase (Gabai et al., 1998) or by inhibiting cytochrome c release and caspase-3 activation Jana et al., 2001) . Furthermore, HSP40 and mammalian relative of DNAJ chaperones can inhibit caspase-3 and caspase-9 activation mediated by mutant huntingtin, independent of huntingtin aggregation (Zhou et al., 2001; Chuang et al., 2002) . However, the involvement of anti-apoptotic activities of HSPs in protection against mutant AR toxicity through reducing the nuclear-localized mutant AR remains to be elucidated.
In summary, the overexpression of HSP70 significantly ameliorates the phenotypes of SBMA transgenic mice by reducing the amount of nuclear-localized mutant AR protein, particularly that of the large complex form. The amount of monomeric mutant AR was also reduced by HSP70 overexpression, suggesting enhanced degradation of mutant AR. A recent study revealed that the ansamycin antibiotic Geldanamycin induced a heat shock response and inhibited aggregation of mutant huntingtin in COS-1 cells (Sittler et al., 2001) . Thus, HSP70 overexpression would provide a potential therapeutic avenue for SBMA and other polyQ diseases.
